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PEROVSKITE THERMOELECTRIC MATERIALS FOR
HIGH-TEMPERATURE ENERGY CONVERSION
JUNYUE LI
ABSTRACT
Despite of recent success in achieving the figure of merit ZT > 1 based on the
nanoscale patterned thermoelectric structures, there have been few stable n-type ma-
terials with attractive thermoelectric responses for high temperature applications at
T > 800K. In this thesis, we applied the first-principles density functional theory
(DFT) calculations to probe the structure and thermoelectric properties relation-
ship of a comprehensive series of perovskite materials. The density of states (DOS),
Seebeck coefficient S, electric conductivity σ, and electronic contribution of the ther-
mal conductivity Ke were obtained directly from the first-principles DFT calcula-
tions. In particular, Lanthanum (La), Gadolinium (Gd), Samarium (Sm), Yttrium
(Y) doped MxSr1−xTiO3 and Niobium (Nb) doped SrNbyTi1−yO3 and doubly doped
LaxSr1−xNbyTi1−yO3 systems were studied. The change of the power factor S2σ
corresponding to the different dopant concentration had a good agreement with the
experimental data. Our computed power factors S2σ as a function of the dopant con-
centration agree well with the available experimental data, and at the same time pro-
vide new insights for the optimal compositions. In the low doping region (x ≤ 12.5%),
gadolinium and niobium are the best candidates of perovskite thermoelectric materi-
als while at high doping level (x > 25%), lanthanum and yttrium are the best options.
In the case of doubly doped perovskites LaxSr1−xNbyTi1−yO3, our calculations predict
that the x= 12.5% and y= 12.5% is the best choice.
vi
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1Chapter 1
Introduction
1.1 Perovskite structure material
Perovskite material is a kind of material that has the same type of crystal structure
as calcium titanium oxide (CaTiO3), with the oxygen in the face center. Generally,
the chemical structure of perovskite material can be expressed as ABX3. Here, A
and B are different cations with different sizes while X is the anion bonding to both.
A should be larger than B. The ideal perovskite structure is the ABX3 cubic unit
Figure 1·1: Cubic crystal structure of perovskite material
cell: A atom stays at the corner of the cubic (0, 0, 0), and B atom sits at the cubic
2center (1/2, 1/2, 1/2) and X atoms occupy the center of three faces of the cubic (0,
1/2, 1/2), (1/2, 0, 1/2), (1/2, 1/2, 0). As shown in Fig 1·1, the green atoms are A
type, with larger size cations while blue smaller ones are B type cations. The red
ones are X type, and normally they are oxygen anions. SrTiO3 crystal structure is
Figure 1·2: Crystal structure of SrTiO3.
shown in Fig1·2. This is the same perovskite structure but with the different ar-
rangement. In this figure, Strontium is orange, Titanium is blue and Oxygen is red.
People usually use it to calculate doped system with different dopant concentration
in the supercell. Since A atoms are always used to balance the charge in the whole
system while B atoms hold the structure, A atoms are normally the doping sites for
other elements which have the similar size and valence of their ion species. In other
types of perovskite materials, they could be chlorine, iodine and etc. Perovskite ma-
terials exhibit many interesting and intriguing properties in academic research and
industrial applications. Colossal magnetoresistance, ferroelectricity, superconductiv-
ity, charge ordering, spin dependent transport, high thermopower and the interplay
of structural, magnetic and transport properties are commonly observed features for
3perovskite structures. These compounds are used as sensors and catalyst electrodes
in certain types of fuel cells and are candidates for memory devices and spintronics
applications. Many superconducting ceramic materials (the high temperature super-
conductors) have perovskite-like structures, often with three or more metals including
copper, and some oxygen positions left vacant. One prime example is yttrium barium
copper oxide which can be insulating or superconducting depending on the oxygen
content. Chemical engineers are considering a cobalt-based perovskite material as a
replacement for platinum in catalytic converters in diesel vehicles.
1.2 Thermoelectric application
1.2.1 Carnot’s principle
The second law of thermodynamics states that ”Every process occurring in nature
proceeds in the sense in which the sum of the entropies of all bodies taking part in
the process is increased.” The system with high temperature, after doing work to the
reservoir, reaches relatively low temperature. It refers to a cycle of a Carnot engine,
fictively operated in the limiting mode of extreme slowness known as quasi-static, so
that the heat and work transfers are between subsystems that are always in their
own internal states of thermodynamic equilibrium. Carnot’s principle was recognized
by Carnot at a time when the caloric theory of heat was seriously considered, before
the recognition of the first law of thermodynamics, and before the mathematical
expression of the concept of entropy. Interpreted in the light of the first law, it
is physically equivalent to the second law of thermodynamics, and remains valid
today. Normally, the heat after the work is wasted and released to the environment.
However, as Fig1·3 suggests, if people apply thermoelectric material to the relative
low temperature system, due to the temperature gradient, the electricity will be
generated and the temperature of the system will be lower. By using the waste heat,
4Figure 1·3: Carnot Principle.
the electricity can be generated and the efficiency of heat engines will be made much
higher.
1.2.2 Seebeck coefficient
The Seebeck coefficient, also known as thermal power (thermal effect), is the measure-
ment of an induce thermoelectric voltage in response to temperature gradient across
the whole material. The SI unit of Seebeck coefficient is volt per kelvin (V/K), and
usually it is used as micro volt per kelvin (µV/K). The performance of thermoelec-
tric materials highly depends on their Seebeck coefficient. The definition of Seebeck
coefficient is
S = −∆V
∆T
(1.1)
5where S is the Seebeck coefficient, V is voltage and T is temperature. In practice the
absolute Seebeck coefficient is very hard to measure directly for the output voltage
measured by a voltmeter only relies on the differences of Seebeck coefficients. This is
because electrodes attached to a voltmeter must be placed at the material’s surface in
order to measure the thermoelectric voltage. The temperature gradient also induces
a thermoelectric voltage across one leg of the measurement electrodes. As the result,
the measured Seebeck coefficient comes from both the Seebeck coefficient of the target
material and the material of the measurement electrodes. This arrangement of two
materials is usually called a thermocouple. The current runs towards the end with
high temperature in an ”electron” material and it goes the end with low temperature
in a ”hole” material. If Seebeck coefficient is positive, the end with the higher tem-
perature has the lower voltage, and vice-versa, and the electric field will point in the
same direction as the temperature gradient. It is also vital to understand that a ma-
terial’s Seebeck coefficient is inversely related to its carrier density. Thus, insulators
tend to have very high Seebeck coefficients while metals have lower values because of
their high carrier concentrations. For computational research, Seebeck coefficient is
even harder to get. One can compute its value from band structure, which will be
discussed later.
1.2.3 Figure of merit & Power Factor
Figure of merit, also called ZT value, is a dimensionless value that can show the
thermoelectric performance of materials given by:
ZT =
σS2
Ke +KL
T (1.2)
where σ is the electric conductivity, S is the Seebeck coefficient, Ke and KL are the
thermal conductivity from electron part and lattice part, respectively. And in the
6equation, the term (σS2) is called Power Factor, which is another value showing the
thermoelectric properties but without thermal conductivity. Ohtaki et al. indicated
that the three physical parameters comprising Z are all the functions of the carrier
concentration, n, which can be shown in Fig1·4 (Ohtaki, 2011): In the figure, n is the
Figure 1·4: The carrier concentration dependence of S, σ and K.
carrier concentration, Kel and Kph are the thermal conductivity from electron part
and phonon part, respectively. Since S and σ vary inversely each other, and σ, K
behave in the similar way, it is difficult to improve ZT.
According to classical semiconductor theories assuming itinerant electrons in the wide
conduction band, regardless of materials, the value of Z and σS2, take the maximum
7at a carrier concentration in the order of 1019/cm3. However, considering the affect of
Ke and KL for the different materials, the optimization doping level could be varied.
1.2.4 Thermoelectric materials
Thermoelectric materials show the thermoelectric effect in a strong or convenient
form. The thermoelectric effect that either a temperature difference creates an electric
potential or an electric potential creates a temperature difference. As indicated in
Figure 1·5: Principle of application of thermoelectric materials
left picture in Fig1·5, by applying a heat source on the top and low temperature
device at the bottom, the temperature gradient is easily made in the system. Due
to the thermoelectric properties of the material, the carrier concentration, electrons
and holes, starting to move along the material, which generates the electricity. And
vice versa, if the external bias is attached to the setup, because of the electricity, the
8movement of the carrier concentration, temperature gradient occurs and by changing
the direction of the current, the hot side and the cold side could be changed.These
phenomena are known more specifically as the Seebeck effect (converting temperature
to current), Peltier effect (converting current to temperature), and Thomson effect
(conductor heating/cooling). While all materials have a nonzero thermoelectric effect,
in most materials it is too small to be useful. However, low-cost materials that have
a sufficiently strong thermoelectric effect (and other required properties) could be
used in applications including power generation and refrigeration. A grow number
of materials have been studied for decades in a wide temperature range. Ohtaki et
al. also shown a picture of the thermoelectric materials and operating temperature
range (Ohtaki, 2011):
Figure 1·6: Typical waste heat and operating temperature ranges of
various thermoelectric materials.
And approximately 90% of the world’s electricity is generated by heat energy, usually
operating at 30-40% efficiency, losing approximately 15 terawatts of power in the form
9of heat to the environment. Thermoelectric devices could convert some of this waste
heat into useful electricity. Therefore, if the waste heat can be reutilized, it will make
the environment much better. Ohtaki et al. suggested that metal oxides are ionic
compounds consisting of metal cations and oxygen anions alternately placing with
the coulomb attracting interaction between them. Since the metal - oxygen bonds
are largely polarized, conducting electrons tend to localize on the positively charged
metal cations. Moreover, overlapping of atomic orbitals between the atoms is smaller
than that in the covalent compounds. These characters lead to the carrier mobility
of oxides generally 2 - 3 orders lower than those of Si and other covalent compounds.
Moreover, large bonding energies of the ionic bonds and the small atomic mass of
oxygen give a high velocity of the elastic waves propagating the crystal lattice of
oxides, yielding a high lattice thermal conductivity. These inherent characters of
metal oxides are obviously against the conventional guiding principles for higher ZT.
Nevertheless, in mid 90’s, emerging new guiding principles stimulated the researches
for novel materials including oxides. Oxide thermoelectric materials are highly stable
at high temperature, non-toxic, low cost and minimal in environment impact, thus
they are becoming extremely important with aiming at recuperation of decentralized
waste heat energy for higher energy efficiency.
1.2.5 Strontium Titanate
Strontium Titanate(SrTiO3) is one of metal oxide compounds, it can be used in high
temperature in Solid Oxide Fuel Cells and is a perovskite material. As in Fig1·6,
SrTiO3 is one of the thermoelectric materials that have low environmental impact.
The study of SrTiO3 as a thermoelectric material has bee carried for years and im-
provement has been made dramatically. In the paper of Ohtaki et al. (Ohtaki, 2011),
the progress is shown clearly in Fig1·7 Though many researches has been carried out
since 1990, strontium Titanate has the largest value of figure of merit among those
10
Figure 1·7: The timeline for the highest ZT of oxide thermoelectric
materials.
species. Not only that, but also it is one of the most important material used in high
temperature Solid Oxide Fuel Cells and the experiment of which is under going in a
cooperation research group, this work will focus on SrTiO3 and its doped system to
study their thermoelectric properties.
11
1.3 Perovskite structure for photovoltaic solar cells
1.3.1 Development of solar cells
Ubiquitous global use of fossil fuels as energy sources accompanied by serious en-
vironment impact. The deleterious effects and emissions from burning these fuels,
as well as global political challenges in fossil fuel acquisition, underscore the impor-
tance of developing competitive renewable energy technologies. Harvesting energy
from the sun via photovoltaics (PVs) devise is a substantial part of the clean energy
solution and an increasingly important component of global energy production. A
PV converts absorbed photons into electrical charges that power an external circuit.
the first crystalline silicon devices were developed over a century later at Bell Labs.
In 1954, researchers DM Chapin, CS Fuller, and GL Pearson published that their
new treatment for ultrapure silicon resulted in a conversion efficiency of 6%, a six-
fold increase over the preceding greatest efficiency in harnessing power from solar
radiation(Chapin et al., 1954). As looking backwards in history, there are three gen-
erations in the development of solar cells. The first generation solar cell is based on
silicon, which includes monocrystalline silicon and polycrystalline silicon. The thin -
film solar cell are regarded as the second generation solar cell. Several types of thin
film based photovoltaics currently exist, such as cadmium telluride (CdTe), copper
indium selenide(CIS), copper indium gallium and selenium (CIGS), gallium arsenide
(GaAs), and amorphous silicon. The third generation solar cell usually refers to a new
concept solar cell, for example dye-sensitized solar sells (DSSC), organic photovoltaic
solar cell(OPV), photochemical solar cells and nanocrystalline solar cell. Recently,
Massachusetts Institute of Technology and Osaka University in Japan have devel-
oped a new solar panel based on printed paper technology, which made from wood
12
pulp, with lighter, more flexible and eco-friendly than traditional clunky solar energy
collectors. From Fig1·10 we can see the history of development of solar cell energy
conversion efficiencies for different kinds of materials. The blue lines, green ones and
red ones respectively refer to the first, second and third gen- eration solar cells. The
silicon based solar cells generally have a pretty higher efficiencies, but having higher
manufacturing costs limit their widespread application. Although the second and
third solar cells still stay a relatively lower efficiency, the less expensive cost attract
lot of interests on the improvement of efficiency.
Figure 1·8: The comparison of three generation solar cells on perfor-
mance properties.
Recently, perovskite photovoltaic solar cell has attracted great attention because
of its superb light - harvesting characteristics. It is well-known that organometallic
or organic materials were generally used as sensitizers for solid-state dye-sensitized
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solar cells at early period. And inorganic nano crystals have lately received atten-
tion as light harvesters due to their high light absorbing properties. Nevertheless,
the best power conversion efficiency was reported to be approximately 6%. However,
perovskite sensitizer made a breakthrough in solid-state mescoscopic solar cells. The
first record efficiency of 10% was rapid increased in efficiency approaching 14% fol-
lowed later as Fig1·9 shows. (Park, 2013) This suggests that perovskite solar cell has
extremely large potential to be the perfect candidate of solar energy.
1.3.2 Perovskite solar cells
Hybrid perovskite compounds based on metal halides are a particular class of organic
- inorganic materials. The basic structure of hybrid perovskite materials is the ABX3
typical perovskite structure. A network of corner - sharing BX6 octahedra is obtained
in this structure, where B atom is a metal cation (typically Sn2+ or Pb2+) and X is a
monovalent anion (typically Cl−, Br− or I−), and the A cation is selected to neutralize
the total charge and it can even be a molecule. (Borriello et al., 2008) As the result,
A atoms can be substituted by organic molecules to be used as photovoltaic solar cell.
The tolerance factor t can be expressed as following:
RA +RX = t
√
2(RB +RX) (1.3)
where RA, RB and RX are the ionic radii of the corresponding elements. When t is
equaled to 1, it is a perfectly packed perovskite structure. If the equation breaks
down, the whole structure will be no longer stable. In order to do the DFT (Density
Functional Theory) calculation for perovskite solar cells, A cites could be filled with
molecules, for example, CH3NH3 and NH2CH=NH2SnI3, and so the structures are
shown in Fig1·12 and Fig1·13: (Borriello et al., 2008) Experiments (Cheng and Lin,
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Figure 1·9: Progress in solid-state DSSCs. A PCE of less than 1%
was first reported in 1998 using spiro-MeOTAD in combination with
N719. Addition of LiTFSI and tBP in spiro-MeOTAD improved the
PCE to 2.6%. A change from N719 to organic dye D102 enhanced
the PCE to 4%. More than 7% was achieved by using hole dopant
FK102. A breakthrough in solid-state DSSC technology was made in
2012 by introducing organometal perovskite sensitizers CH3NH3PbX3
(X = halides), where a CH3NH3PbI3-sensitized submicrometer meso-
porous TiO2 layer showed 9.7% and CH3NH3PbI2Cl on the scaffold
Al2O3 layer demonstrated 10.9%. In a very short period from August
2012 to March 2013, a PCE as high as 14.1% was achieved from the
perovskite sensitizer.
2010) (Grinberg et al., 2013) (Liu et al., 2013b) (Chung et al., 2012) and calculations
(Huang and Lambrecht, 2013) (Borriello et al., 2008) (Mosconi et al., 2013) (Brivio
et al., 2013) (Lang et al., 2014) has been carried out for perovskite solar cells by a
growing number of scientists.
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Figure 1·10: Reported timeline of solar cell energy conversion efficien-
cies (from National Renewable Energy Laboratory (USA)).
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Figure 1·11: The basic ABX3 perovskite structure. The BX6 corner-
sharing octahedra are evidenced.
Figure 1·12: A perspective of CH3NH3SnI3 in the cubic phase.
17
Figure 1·13: A perspective of NH2CH=NH2SnI3 in the cubic phase.
18
Chapter 2
Body of my thesis
2.1 Density Functional Theory (DFT)
Density functional theory (DFT) is a computational quantum mechanical modelling
method used in physics, chemistry and materials science to study the electronic
structure (principally the ground state) of many-body systems, in particular atoms,
molecules, and the condensed phases. With this theory, the properties of a many-
electron system can be determined by using functionals, which is functions of another
function, which in this case is the spatially dependent electron density. Therefore the
name density functional theory comes from the use of functionals of the electron den-
sity. DFT is among the most popular and versatile methods available in condensed-
matter physics, computational physics, and computational chemistry. Density Func-
tional Theory has been very popular for calculation the problems of solid-state physics
since the 1970s. But it was not considered accurate enough for the calculations in
quantum chemistry until the 1990s, when the approximations used in the theory were
significantly improved to better model the exchange and correlation interactions. In
many cases the results of DFT calculations for solid-state systems agree quite satis-
factorily with experimental data. Computational costs are relatively low compared
to the traditional methods, such as Hartree-Fock theory and its descendants based
on the complex many-electron wavefunction. Despite recent improvements, there are
difficulties as well in using DFT to precisely describe the intermolecular interactions,
especially van der Waals forces, charge transfer excitations, transition states, global
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potential energy surfaces, dopant interactions and some other strongly correlated
systems and in calculations of the band gap and ferromagnetism in semiconductors.
2.2 Quantum Espresso
Quantum Espresso is an integrated suite of Open-Source computer codes for electronic-
structure calculations and materials modeling at the nanoscale. It is based on density-
functional theory, plane waves, and pseudopotentials (Giannozzi et al., 2009). It
implements a variety of methods and algorithms aimed at a chemically realistic mod-
eling of materials from the nanoscale upwards, based on the solution of the density-
functional theory (DFT) problem, using a plane waves (PWs) basis set and pseu-
dopotentials (PPs) to represent electron-ion interactions. PWscf method was used in
the QE calculation in this work. It implements an iterative approach to reach self-
consistency, using at each step iterative diagonalization techniques, in the framework
of the plane-wave pseudopotential method.
2.3 BoltzTraP. code
BoltzTraP. code is a code for calculating band-structure dependent quantities (Mad-
sen and Singh, 2006), such as density of states, Seebeck coefficient, electronic conduc-
tivity over relaxation time and thermal conductivity of electron part over relaxation
time and etc.. This code relies on a Fourier expansion of the band energies where
the space group symmetry is maintained by using star functions. From BoltzTraP.,
Seebeck coefficient S, density of states DOS, electronic conductivity over relaxation
time σ/τ and electron thermal conductivity over relaxation time Ke/τ can be calcu-
lated. The code is well interfaced to Quantum Espresso. By having crystal structure,
k-point grid and band-structure from Quantum Espresso, the parameters mentioned
above could be obtained directly. It is worth mentioning that the thermoelectric
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properties calculated from BolzTraP. are the ones from electron contribution.
2.4 Validation
The validation of BoltzTraP. code was taken to test its accuracy. Scheidemantel et al.
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Figure 2·1: Density of states of Bi2Te3.
calculated thermoelectric properties of Bi2Te3 and the result had a good agreement
with the experimental data (Scheidemantel et al., 2003). And in order to demon-
strate the BoltzTraP code is valid, the same structure was used to do the compar-
ison(Madsen and Singh, 2006). By using the calculated band structure and crystal
information, density of states (Fig2·1) and Seebeck coefficient (Fig2·2) were plotted
versus the chemical potential. In these two figures, S is the Seebeck coefficient, DOS
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Figure 2·2: Seebeck coefficient of Bi2Te3.
is the density of states and µ is the chemical potential. Obviously, results from Boltz-
TraP code matched the calculation taken by Scheidemantel et al. perfectly. Not only
the profile did they agree on, but also the absolute values are very identical.
Chapter 3
SrTiO3 and its doped compounds
3.1 Thermoelectric properties of SrTiO3
3.1.1 Method
In order to get the thermoelectric properties of materials, the first-principles band
structure, εi,~k must be obtained from Quantum Espresso calculation. And then,
based on Garcia-Fernandez et al. (Garc´ıa-Ferna´ndez et al., 2012), after performing
the Fourier expansion, the conductivity tensor can be obtained as
σαβ(i,~k) = e
2τi,~kνα(i,
~k)νβ(i,~k) (3.1)
where σ is electronic conductivity, e is the electronic charge, τ is the relaxation time,
and
να(i,~k) =
1
~
∂εi,~k
∂kα
(3.2)
where α is the α component (x, y and z direction) of the group velocity ν for an
electron in band i and at k point ~k. From the electronic conductivity matrix, the
relevant transport tensors that relate the electric current with an external electric field
σαβ(T, µ) or temperature gradients ναβ(T, µ). These tensors rely on the temperature
T and the chemical potential µ, which determines the carrier concentration or the
doping level. And the final expressions are as following:
σαβ(T, µ) =
∑
i
∫
d~k
8pi3
[−∂f(T, µ)
∂ε
]σαβ(i,~k) (3.3)
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and
ναβ(T, µ) =
1
T
∑
i
∫
d~k
8pi3
[−∂f(T, µ)
∂ε
]σαβ(i,~k)[ε(~k)− µ] (3.4)
where f is the Fermi-Dirac distribution,
f(T, µ) =
1
e(εi−µ)/kT + 1
(3.5)
where k is the Boltzmann’s constant, T is the absolute temperature, εi is the energy
of the single-particle state i, and µ is the total chemical potential. And finally, the
components of the Seebeck tensor can be calculated as
Sij(T, µ) =
∑
α
(σ−1)αiναj (3.6)
The electron contribution to the figure of merit is expressed as power factor:
PF = σS2 (3.7)
where σ is the electronic conductivity and S is the Seebeck coefficient. In these
calculations, an accurate band structure is needed as indicated by Zhang et al. (Zhang
et al., 2012). However, band crossing problem (Blochl et al., 1994) near the Fermi
surface is very important which will impact the band structure calculation during
the research. It is caused by the inaccurate band energy connection and leads to
incorrect group velocity. To solve this, the overlap of the eigenvalues at each k point
is calculated to sort the eigenvalues and to give an estimate crossing and anti-crossing
of the bands. The solution was implemented in Quantum Espresso.
3.1.2 Calculation
Density Functional Theory (DFT) calculations were performed in this work. The
plane wave pseudopotential method as implemented in Quantum Espresso was used.
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) was used
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for the exchange-correlation functional. Ultrasoft pseudopotentials were used for Sr,
Ti and O. The five-atom perovskite unit cell was used in the DFT Calculation. Non-
symmetry was indicated in the input file, and kinetic energy cutoff for wavefunctions
was 30 Ry, and that of pseudopotential was 300 Ry. 8× 8× 8 automatic Monkhorst-
Pack (Monkhorst and Pack, 1976) k points grid was used and the five-atom single unit
cell was set. The optimized structure of SrTiO3 had lattice constant 3.92 Angstrom
compared to 3.91 Angstrom from the experiment data(Jiang et al., 2006), which is
accurate.
3.1.3 Results and discussion
After importing the band structure and crystal structure that calculated from Quan-
tum Espresso to BoltzTraP, thermoelectric properties of electron were obtained as in
Fig3·1. Density of states, electronic conductivity over relaxation time, thermal con-
ductivity over relaxation time and Seebeck coefficient were calculated by BoltzTraP
code. The x axis is the eigenstate (or chemical potential µ or doping level according
to different purpose), and the Fermi level was shifted to 0. The x axis shows the
thermoelectric properties change from hole (E − Ef < 0) to electron (E − Ef > 0)
region. And since it has been found that the bulk thermoelectric performance of
pure-undeformed STO is low since it is a wide band gap semiconductor with a rel-
atively high lattice thermal conductivity and because strontium titanate is n-type
semiconductor, the carrier at zero doping level is electron. As indicated in Fig3·1,
in the region near the Fermi level (E − Ef = 0), density of states and electronic
conductivity shows are zero. This is because near the Fermi level, semiconductor has
a band gap and no eigenstates are allowed to stay in that energy range. It is well-
known that a material’s Seebeck coefficient is inversely related to its carrier density.
Therefore, insulators tend to have very high Seebeck coefficients, while metals have
lower values due to their high carrier concentrations. Thus, in the bottom figure of
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Figure 3·1: Density of states, electronic conductivity over relaxation
time, thermal conductivity over relaxation time and Seebeck coefficient
of SrTiO3 at 1000K.
Fig3·1, near the Fermi level, the Seebeck coefficient reaches the maximum value. And
for small doping concentrations, the Seebeck effect grows rapidly with the doping
level reaching a peak and the decreasing again. Here, the maximum value of Seebeck
coefficient could reach nearly 1000 (µV/K), which is significantly larger than those
typical good bulk thermoelectric materials, which are usually 150-250 µV/K(Tritt
and Subramanian, 2006). However, it is important to notice that we are comparing
the maximum value of the Seebeck coefficient to experimental values corresponding
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to systems with different carrier concentrations. Compare the results with Kinaci
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Figure 3·2: Power Factor over relaxation time of SrTiO3.
et al. (Kinaci et al., 2010),it was found that our results had good agreement with
theirs. As temperature increased, the maximum value of Seebeck coefficient decrease.
But meanwhile the power factor increased due to the improvement of conductivity
of electron. And since STO (SrTiO3) is a semiconductor, as temperature increases,
the thermal electric conductivity and electronic conductivity increases since the elec-
tron vibration gets stronger and the energy of electrons increase. Fig3·2 shows the
power factor over relaxation time PF = S2σ/τ of SrTiO3. From PF, we could now
have the thermoelectric performance of a material based on its electron contribution.
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With small doping, around -1 eV and 1 eV, PF gets the maximum value of approxi-
mately 1.4 × 1016 (µW/K2cm s). Therefore, it is safe to conclude that without any
dopant, SrTiO3 is a semiconductor with very poor thermoelectric performance due
to its extremely low electron and thermal conductivity, Seebeck coefficient and thus
poor power factor. As the result, several doping cases were carried in this work to
examine what improvement could be obtained for different dopants.
3.2 LaxSr1−xTiO3
3.2.1 Computational details
La doped SrTiO3 system was calculated in this work. Based on the same theoretical
idea, the calculation was done by Quantum Espresso and BoltzTraP. as well. The
2×2×2 supercell of 40 atoms was used to do the DFT calculation. The plane wave
pseudopotential method as implemented in Quantum Espresso was used. Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) was used for the
exchange-correlation functional. Ultrasoft pseudopotentials were used for La, Sr, Ti
and O. Non-symmetry was indicated in the input file, and kinetic energy cutoff for
wavefunctions was 30 Ry, and that of pseudopotential was 300 Ry. 12×12×12 auto-
matic Monkhorst-Pack k points grid was used. Smearing was set as the occupations
options and degauss equaled to 0.05 was used.
3.2.2 Results and discussion
First, by having the profile of density of states in Fig3·3, it was clearly found some
changes around Fermi energy. There are some energy states exist around Fermi level,
which means the system now is no longer semiconductor behavior. The thick black
line indicates the pure SrTiO3 while the blue line is 12.5% (x = 1), the green line is
25% (x = 2) and the red line is 37.5% (x = 3) in LaxSr1−xTiO3 system. Therefore a
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Figure 3·3: Density of states of different La doping levels at 1000K.
conclusion can be drawn that La doped SrTiO3 turned out to be metal and would have
metallic behavior. The profiles of density of states of La doped SrTiO3 are the left
shift of that of pure SrTiO3. The higher the doping concentration is, the more left
it shifted, and the more metallic it is because more electrons have been excited from
valence band to conduction band. It should be expected that the alloy and the pure
structure would have similar transport coefficient at the same carrier concentration
as Kinaci et al. indicated (Kinaci et al., 2010). By plotting the Seebeck coefficient of
La doped strontium titanate system, it is obvious that with the doping concentration
increased, the whole profiles move to the left with a bit enhancement of the magnitude
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Figure 3·4: Seebeck coefficient of La doped system at 1000K.
of the Seebeck value. However, at E−Ef = 0, the Seebeck coefficient decreased with
the increase of the dopant (Lanthanum) concentration. The magnitude of the Seebeck
coefficient is around 1000 µV/K. Profiles moving to the left is reasonable since when
doping La in SrTiO3, more electrons are doped into the system and hence, the carrier
is electron. From Fig3·5 we can see that the electronic conductivity is no longer
zero when La was dope in the system. At x axis equaled to zero, the electronic
conductivity significantly increased when the doping level increased. As mentioned
before, thermoelectric performance is complicated because generally, when Seebeck
coefficient gets higher, the electronic conductivity decreases and it is meaningless to
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Figure 3·5: electronic conductivity of La doped system at 1000K.
just look at one parameter. Thus, power factor is highly important to reveal the
thermoelectric performance of electron contribution. As in Fig3·6, at E−Ef = 0, the
power factor first increased and then decreased as the doping concentration increased.
Clearly, there is a maximum value for power factor of La doped SrTiO3 system.
And according to the profiles, the doping level around 25% was the optimal doping
concentration for La. It is also worth mentioning that when the doping concentration
increased to 40%-50%, the system was no longer stable and became a double-phase
material. The reason why high doping level was plotted is that it is vital to see
the trend as the doping elements increases as well. And the thermal conductivity
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Figure 3·6: Power factor of La doped system at 1000K.
over relaxation time at different energy state was plotted as in Fig3·7. As expected,
as temperature increased, the thermal conductivity also increased due to the higher
energy in the system. Many electrons were excited and vibrated because of the high
temperature.
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Figure 3·7: Electronic thermal conductivity over relaxation time of
La doped system at 1000K.
3.3 GdxSr1−xTiO3
3.3.1 Computational details
Gd doped SrTiO3 system was calculated in this work. Also based on the same theoret-
ical idea, the calculation was done by Quantum Espresso and BoltzTraP. as well. The
2×2×2 supercell of 40 atoms was used to do the DFT calculation. The plane wave
pseudopotential method as implemented in Quantum Espresso was used. Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) was used for the
exchange-correlation functional. Ultrasoft pseudopotentials were used for Sr, Ti and
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O and Martins-Troullier was used for Gadolinium. Non-symmetry was indicated in
the input file, and kinetic energy cutoff for wavefunctions was 50 Ry, and that of pseu-
dopotential was 500 Ry. The reason why such high cutoff energy was used was that
pseudopotential of Gadolinium was not ultrasoft and in order to make the calculation
converged, higher cutoff energy was required. 8 × 8 × 8 automatic Monkhorst-Pack
k points grid was used. Occupations argument was selected as smearing and degauss
was equaled to 0.05.
3.3.2 Results and discussion
As plotted in Fig3·8, Seebeck coefficient of SrTiO3 and its Gd doped systems were
shown in the figure. Obviously, by increasing the doping level, the maximum value
of Seebeck coefficient decreased. And the profiles moved to the level as well but with
a bit perturbation. The maximum value of Seebeck coefficient is about 700 µV/K.
Fig3·9 shown the density of states of Gd doped SrTiO3. It was suggested that Gd
doped SrTiO3 system has metallic behavior since the eigenstates exist around the
Fermi level. And by doping more Gd, the system became more metallic as expected.
The thick black line in the figure is the pure undoped SrTiO3 system. And the
blue line, the green line and the red line are 12.5%, 25% and 50% doped SrTiO3
doped system, respectively. Again, the 50% doped case may not be synthesized
due to high doping concentration may lead to the double-phase material and that
material might not be stable under the current circumstances. It could be concluded
that as the Gd doped system has the metallic behavior, the electronic conductivity
would increase with the doping level. In Fig3·10 we found that at E − Ef = 0,
the electronic conductivity over relaxation time increased with the increase of the
dopant concentration. Compare Fig3·10 with Fig3·8, it was found that the Seebeck
coefficient is higher while the conductivity is low for doped and undoped system and
vice versa. That is because Seebeck coefficient tends to have larger value when the
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Figure 3·8: Seebeck coefficient of Gd doped SrTiO3 at 1000K.
system is insulator and lower value while the system has the metallic behavior. This
is magnificently relative to the carrier concentration, no matter the carrier is hole or
electron. And based on the experimental paper (Liu et al., 2013a), we could see that
Gd doped SrTiO3 system has the metallic behavior. This is the same result that was
concluded in this work. According to Fig3·11, thermal conductivity and electronic
conductivity over relaxation time was plotted in the same figure. The blue y axis
on the left shown the thermal conductivity over relaxation time with blue circle and
the red y axis on the right with red triangle indicated the electronic conductivity
over relaxation time. And the x axis is the doping level of Gd. They both had such
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Figure 3·9: Density of states of Gd doped SrTiO3 at 1000K.
trend that they increased while the doping level increased. However, the thermal
conductivity over relaxation time grew more slowly than electronic conductivity over
relaxation time when the doping level increased. And also, as temperature grown,
both of them increased. With zero doping, the electronic conductivity is equaled to
zero because of the semiconductor behavior and the thermal conductivity is extremely
low as shown in the figure. The power factor of Gd doped SrTiO3 was dropped as
indicated in Liu et al. (Liu et al., 2013a). The more dopant in the system, the less
power factor the system is going to have. In order to have a more clear understanding,
the electron contribution to figure of merit was plotted. It has the expression as
36
2 1 0 1 2
E−Ef (eV)
0
2
4
6
8
10
(σ
/t
)
∗1
01
8
(1
/Ω
cm
s)
SrTiO3
Gd0.125Sr0.875TiO3
Gd0.25Sr0.75TiO3
Gd0.5Sr0.5TiO3
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SrTiO3 at 1000K.
S2σT/Ke, where S is the Seebeck coefficient, σ is the electronic conductivity and Ke
is the electron thermal conductivity. From this figure, we found that as temperature
increase, the electron contribution to figure of merit increased for all different doping
levels. The electron contribution to figure of merit has the form of S2σT/Ke. By
rearranging ZT = S2σT/(Ke +Kl), we have:
ZT =
S2σT
Ke
(
1
1 + Kl
Ke
) (3.8)
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Figure 3·11: thermal and electronic conductivity over relaxation time
for different Gd concentration doped SrTiO3 at 1000K.
According to Eq3.8, it is obvious that there are two factors in figure of merit: the
electron and phonon contribution. Since lattice vibration calculation is complicated
and cannot be calculated in this work, examining the electron contribution is another
perspective to determine the thermoelectric performance of a material. As suggested,
S2σT/Ke had the maximum value at 1000K while it reached the minimum when the
temperature dropped to 400K. For zero doping case, S2σT/Ke stayed at zero. As
long as Gd was introduced to the system, S2σT/Ke reached a maximum value and
started to drop down. Both experimental and computational results shows that the
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Figure 3·12: Electronic contribution to Figure of merit for Gd doped
SrTiO3 at different temperature.
more Gd doped in SrTiO3, the weaker the thermoelectric performance it is going to
have. Furthermore, Gd is the one of the best dopant for the low doping range for
SrTiO3 (Liu et al., 2013a). Due to the limitation for the computational environment,
it is hard to get the results from the calculation of below 10% Gd doped SrTiO3.
Nonetheless, it is safe to say that the maximum value would be somewhere between
0% and 10% doped system.
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3.4 SmxSr1−xTiO3
3.4.1 Computational details
Samarium (Sm) doped SrTiO3 system was selected in this work. The 2×2×2 supercell
of 40 atoms was used in the DFT simulation. Perdew-Burke-Ernzerhof (PBE) general-
ized gradient approximation (GGA) was used for the exchange-correlation functional.
Ultrasoft pseudopotentials were used for Sr, Ti and O and Martins-Troullier was used
for Samarium. Same cutoff energy and k points grid were used as the previous cal-
culation. Occupations variable was selected to be smearing and degauss was set to
0.05.
3.4.2 Results and discussion
After examining the density of states of Sm doped SrTiO3, it is found that the sys-
tem was becoming more and more metallic as the doping level increased. Around
E − Ef = 0, more energy states appeared. In this figure, the blue line represents
the concentration of Sm as 12.5%, the green line shows 25% Sm doped system and
the red line indicates 37.5% Sm doping case. No clear band gap was found in this
system. And as shown in 3·14, we could find the value distribution of Seebeck coef-
ficient for the three doping case compared with the non-doped system. Clearly, with
more Sm doped into the system, the profile shifted to the left and with some pertur-
bation for 12.5%, 25% and 37.5% cases. The maximum value of Seebeck coefficient
was about 500 µV/K for all the cases, which were less than that of the pure SrTiO3
structure. As expected, by looking at the electronic conductivity over relaxation time
in Fig3·15, it was obvious that the doped structures shown metallic behavior as the
dopant concentration increased. The more Sm was doped to the system, the higher
the conductivity was at E − Ef = 0. The electronic conductivity was again corre-
sponding to the Seebeck coefficient. It indicated that the electronic conductivity was
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Figure 3·13: Density of states of different doping concentration of
SmxSr1−xTiO3 at 1000K.
negligible where the Seebeck coefficient reached the maximum. Thermal conductivity
of electron, Ke is a extremely vital parameter in the figure of merit. By plotting
it, we could find that as the electronic conductivity increased, the electronic ther-
mal conductivity increased as well. This is because when more electrons were doped
into the system, more electrons could move in the system which leads the thermal
conductivity increasing. In practice, larger power factor and greater electronic con-
ductivity are wanted but low thermal conductivity for both electron and lattice were
required. As shown in Fig3·17, the profile of power factor of Sm doped SrTiO3 was
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Figure 3·14: Seebeck coefficient of different doping concentration of
SmxSr1−xTiO3 at 1000K.
plotted. For no further doped systems (E − Ef = 0), it was suggested that as the
doping level increased, the power factor of the whole system increased. The more
dopant concentration the batter thermoelectric performance it was despite the ther-
mal conductivity contribution. As the result, for the Sm doped SrTiO3 system, more
doping elements are needed as long as the system is stable and no second phase is
generated. As mentioned in Liu et al. (Liu et al., 2013a), as the doping concentration
grew, the power factor increased as we calculated, but the thermal conductivity of
phonon decreased. Which suggested that the more Sm doped in strontium titanate,
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Figure 3·15: Electronic conductivity of different doping levels of
SmxSr1−xTiO3 at 1000K.
the better thermoelectric performance, ZT value, it is. And Samarium is one of the
best options of high doping region for rare-earth elements doped SrTiO3 structure.
The thermoelectric figure of merit of 20% doped SrTiO3 could reach 0.26 and will be
higher when the dopant increases as predicted in the calculation.
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Figure 3·16: Electronic thermal conductivity of different doping con-
centration of SmxSr1−xTiO3 at 1000K.
3.5 YxSr1−xTiO3
3.5.1 Computational details
Yttrium (Y) doped SrTiO3 system was selected in this calculation. Based on the same
theoretical idea, the calculation was finished by Quantum Espresso and BoltzTraP.
as well. The 2×2×2 supercell of 40 atoms was used to do the DFT calculation.
The plane wave pseudopotential method as implemented in Quantum Espresso was
used. Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)
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Figure 3·17: Power factor over relaxation time of different doping
concentration of SmxSr1−xTiO3 at 1000K.
was used for the exchange-correlation functional. Ultrasoft pseudopotentials were
used for Y, Sr, Ti and O. Non-symmetry was indicated in the input file, and kinetic
energy cutoff for wavefunctions was 30 Ry, and that of pseudopotential was 300 Ry.
8× 8× 8 automatic Monkhorst-Pack k points grid was used. Occupations argument
was selected as smearing and degauss was equaled to 0.05.
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3.5.2 Results and discussion
By plotting the density of states, the metallic behavior could be found in 12.5%, 25%
and 37.5% of Y doping. There is no band gap around E − Ef = 0 and the profile
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Figure 3·18: Density of states of different doping concentration of
YxSr1−xTiO3 at 1000K.
for each doping case moved to the left as the dopant concentration increased. More
metallic behavior was found when more Y doped in the system. This is expected
based on the calculation of Lanthanum and Gadolinium doped strontium titanate
system. Their corresponding Seebeck coefficient plot was made to show the Seebeck
coefficient change with the energy. As shown in Fig3·19, as the doping level increased,
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Figure 3·19: Seebeck coefficient of different doping concentration of
YxSr1−xTiO3 at 1000K.
the Seebeck coefficient profile was moving towards left. However, the magnitude of
the Seebeck did not change much for the maximum values of it were around 1100
µV/K. The electronic conductivity over relaxation time was plotted as well. From
Fig3·20, it is obvious that Yttrium doped system had metallic behavior since the
electronic conductivity increase with the growth of the dopant concentration. The
blue line, which represents the 12.5% doping case, had the lowest electronic conduc-
tivity while the red line for 37.5% dopant concentration had the highest value. And
of course the 25% Y doped system, the green line, lay in the middle of those two. It
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Figure 3·20: Electronic conductivity of different doping levels of
YxSr1−xTiO3 at 1000K.
has been found that the electronic conductivity is very low (almost zero) where the
Seebeck coefficient reached the maximum value at both positive and negative sides.
This makes sense since as we discussed before, when carrier concentration is low, the
Seebeck coefficient is high. And usually, the insulators and semiconductors tend to
have much higher Seebeck coefficient than that of conductors in which the carrier
concentration is extremely large. And also, we plotted the thermal conductivity of
electron over relaxation time. As the figure shown, thermal conductivity of electron of
Y doped SrTiO3 system changed with the doping level. As the doping level increased,
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Figure 3·21: Thermal conductivity of electron of different doping con-
centration of YxSr1−xTiO3 at 1000K.
the value of it got larger as well. The thermal conductivity of electron corresponds to
the electronic conductivity since hey both have the similar profile. Compared it with
that of pure strontium titanate structure, the difference between metal and semicon-
ductor could be found easily. And power factor was calculated for this calculation
to check the thermoelectric performance of electrons for this system as Fig3·22 in-
dicated. The intersections of colored lines and black dashed line are the points we
mostly concerned. They suggested the power factor of under the specific doping level
as given at the beginning. We found that the change of the power factor was not
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Figure 3·22: Power factor over scattering time of different doping
concentration of YxSr1−xTiO3 at 1000K.
continuing increase or decrease. On the contrary, it continuously increased from 0 to
approximate 25% and then decreased. Because the profile of the power factor was
moving to the left, it could be expected that about 25% doping is the optimal doping
level for this system as the peak of the green line lay on the dashed middle line.
This is very similar to the Lanthanum doped strontium titanate case. According to
this figure, the dopant concentration larger that 25% did not help the improvement
of the thermoelectric performance, and it might cause the stability issue or generate
the second phase in the system when the doping level is high enough. And also, the
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power factor changed with the temperature. It kept increasing with the growth of
the temperature. So at high temperature, for example 1000K in this work, the power
factor is much higher than that in 300K. Therefore, a conclusion could be drawn that
the temperature would improve the thermoelectric performance for YxSr1−xTiO3.
3.6 SrNbyTi1−yO3
3.6.1 Computational details
Niobium (Nb) doped SrTiO3 on the B site system was selected in this calculation
as well to examine the effect of B site doping. Based on the same theoretical idea,
the calculation was completed by Quantum Espresso and BoltzTraP. as well. The
2×2×2 supercell of 40 atoms was used to do the first-principle DFT calculation.
The plane wave pseudopotential method as implemented in Quantum Espresso was
used. Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)
was used for the exchange-correlation functional. Ultrasoft pseudopotentials were
used for Nb, Sr, Ti and O. Non-symmetry was indicated in the input file, and kinetic
energy cutoff for wavefunctions was 30 Ry, and that of pseudopotential was 300 Ry.
8× 8× 8 automatic Monkhorst-Pack k points grid was used. Smearing was indicated
in occupations and 0.05 was set to degauss.
3.6.2 Results and discussion
Previously, some A-site doping calculation were carried to study the A-site doping
influence. However, people are also interested in the B-site doping since there are some
other atoms that have the similar size as titanium does. The reason that only the
atoms with similar size are considered is that it might break the perovskite structure
and the stability if doped with much larger or smaller atoms. It should also be noticed
that the atoms on the B cite are usually holding the structure and they are critically
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important. In Fig3·22, the density of states of SrNbyTi1−yO3 was plotted. The blue
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Figure 3·23: Density of states of different doping concentration of
SrNbyTi1−yO3 at 1000K.
line as well shows the 12.5% doping level, the green line gives the 25% and the red line
indicates the one with 37.5% dopant concentration. Similarly, as the doping leveling
increased, more electrons were excited and thus the system tended to be more metallic.
According to the shift, Nb doping is n-type doping as well as all the calculations taken
previously. Seebeck coefficient was also calculated as in Fig3·24. Seebeck coefficient
of SrNbyTi1−yO3 corresponds to its carrier concentration as well. From density of
states, we knew that the energy states distribution in the system. And it could be
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Figure 3·24: Seebeck coefficient of different doping concentration of
SrNbyTi1−yO3 at 1000K.
concluded that Seebeck coefficient had the larger values while the density of states
tended to be 0. And since its an n-type doped system, the Seebeck coefficient profile
shifted to the left as the dopant concentration increased. The magnitude of Seebeck
did not improve much after the doping. 1000 to 1200 µV/K were obtained as the
range of its value. The electronic conductivity over scattering time was obtained in
this calculation, as given in Fig3·25. According to the profile, it is more obvious that
the more dopant was added to the system, the more metallically the system would
behave. The electronic conductivity had the same pattern as the density of the states
53
2 1 0 1 2
E−EF (eV)
0
1
2
3
4
5
6
(σ
/t
)
∗1
01
8
 (1
/Ω
cm
s)
STO
SrNb0.125Ti0.875O3
SrNb0.25Ti0.75O3
SrNb0.375Ti0.625O3
Figure 3·25: Electronic conductivity of different doping levels of
SrNbyTi1−yO3 at 1000K.
did. Likely, at low Seebeck coefficient region, the electronic conductivity was higher
compared to its lower value in the range of high Seebeck effect. As mentioned above,
though it is good to have bigger Seebeck and the electronic conductivity, the two have
the completely opposite trend in there distribution where you will never have high
S and at the same time with high σ. Additionally, thermal electronic conductivity
plays an important role here as well. As plotted in Fig3·27, the thermal electronic
conductivity kept increasing with the increase of the doping level. This is the Ke
part of the thermoelectric figure of merit ZT = S2σ/(Ke + Kl). People essentially
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Figure 3·26: Electronic thermal conductivity of different doping con-
centration of SrNbyTi1−yO3 at 1000K.
need the high S and σ but low Ke in order to have big ZT value. In this thesis,
power factor was obtained to mainly focus on the electronic contribution as said
before. According to Fig3·27, the power factor did not change with the increase
of the dopant concentration linearly. The results suggested that at 12.5% doping
level, the power factor had the maximum value compared to that at 25% and 37.5%
dopant concentration while 37.5% had the lowest. However, with closer examine of
the profile, it was found that the power factor reached the maximum value after
12.5% doping but before 25%, which means that the optimal doping level for B site
55
2 1 0 1 2
E−Ef (eV)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
S
2
σ
/t
∗1
01
6
(µ
W
/K
2
cm
)
STO
SrNb0.125Ti0.875O3
SrNb0.25Ti0.75O3
SrNb0.375Ti0.625O3
Figure 3·27: Power factor over relaxation time of different doping
concentration of SrNbyTi1−yO3 at 1000K.
doped SrNbyTi1−yO3 is somewhere between 12.5% and 25%. When the doping level
is higher than 25%, the stability issue might occur in experiments. And furthermore,
if the dopant concentration is high enough, a second phase will be obtained and the
sample may no longer be the perovskite structure. Here the level of 37.5% was to
show a trend in the doping system so that people who do the experiment would have
a general idea of what range of the doping concentration they need.
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3.7 LaxSr1−xNbyTi1−yO3
3.7.1 Computational details
Based on the calculation taken above, we found that Lanthanum and Niobium are
good candidates for the dopant of perovskite strontium titanate system. Double-
site doping was considered and applied to examine how it is going to affect the
thermoelectric performance of the material. Lanthanum (La) and Niobium (Nb)
doped LaxSr1−xNbyTi1−yO3 both on the A and B site system was studied in this
calculation. Based on the same theoretical idea, the calculation was completed by
Quantum Espresso and BoltzTraP.. The 2×2×2 supercell of 40 atoms was selected
to run the first-principle DFT calculation. The plane wave pseudopotential method
as implemented in Quantum Espresso was used. Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) was used for the exchange-correlation
functional. Ultrasoft pseudopotentials were used for La, Sr, Nb, Ti and O. Non-
symmetry was indicated in the input file, and kinetic energy cutoff for wavefunctions
was 30 Ry, and that of pseudopotential was 300 Ry. 8× 8× 8 automatic Monkhorst-
Pack k points grid was used. Occupation was set as smearing and 0.05 was fixed for
degauss.
3.7.2 Results and discussion
In this case, La doping concentration was set to be 12.5% and 25% on A site mixed
with the Nb doping level of 12.5% and 25% on B site. Hence, four systems were
calculated: 1. La 12.5%, Nb 12.5%; 2. La 12.5%, Nb 25%; 3. La 25%, Nb 12.5%;
4. La 25%, Nb 25% . First, the density of states as plotted. As shown in Fig3·28,
the blue line, green line, red line and cyan line represent La0.125Sr0.875Nb0.125Ti0.875O3,
La0.125Sr0.875Nb0.25Ti0.75O3, La0.25Sr0.75Nb0.125Ti0.875O3 and La0.25Sr0.75Nb0.25Ti0.75O3,
respectively. As other single doped cases, after doping, the system had metallic be-
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Figure 3·28: Density of states of different doping concentration of
SrNbyTi1−yO3 at 1000K.
havior. And the profile of density of states did not change much during the shifting,
which is similar as the single doping cases. And by plotting Seebeck coefficient as in
Fig3·29, it could be found that the shifts were corresponding to the density of states.
And 12.5% La with 25% Nb doped system exposed almost the same shift as 25% La
with 12.5% Nb doped one. Just like the discussion above, the magnitude of Seebeck
effect did not change much after the doping. As expected, the shifts were more left
than those of the single doped cases due to the greater number of free electrons in the
structure. The electronic conductivity over relaxation time changed with energy was
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Figure 3·29: Seebeck coefficient of different doping concentration of
SrNbyTi1−yO3 at 1000K.
also calculated. As indicated in Fig3·30, the conductivity was linearly increasing with
the increase of the dopant concentration. Moreover, 12.5% La with 25% Nb doped
system had larger electronic conductivity than that of 25% La with 12.5% Nb doped
case assuming that the scattering time did not change with the doping concentration
(Parker et al., 2013). They all had the metallic behavior as expected. As well as the
cases discussed previously, the electronic conductivity reflected Seebeck coefficient
distribution with the opposite trend. Thus, the electronic conductivity had the min-
imum value where Seebeck effect reached the maximum and vice versa. In Fig3·31,
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Figure 3·30: Electronic conductivity over relaxation time of different
doping concentration of SrNbyTi1−yO3 at 1000K.
we plotted the electronic thermal conductivity over scattering time. It had the same
trend as the electronic conductivity did. As more La and Nb were doped into the
system, the electronic thermal conductivity also increased. In order to determine
wether the double doping is helpful to the thermoelectric performance, power factor
should be considered. From Fig3·32, it was found that as the doping level for either
La or Nb increased, the power factor decreased. Specifically, power factor of 25% La
and 12.5% doped system is greater than that of 12.5% La and 25% Nb doped one.
By revealing this figure, it shown that with doping level less than 12.5% for both site
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Figure 3·31: Electronic thermal conductivity over relaxation time of
different doping concentration of SrNbyTi1−yO3 at 1000K.
could be helpful to reach the maximum value though the specific composition remains
unknown. And it was concluded that the Lanthanum and Niobium double doping
did not improve the power factor of the system dramatically. Other double doping
cases with different elements should also be calculated to predict the power factor.
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Chapter 4
Conclusion
4.1 Discussion of lattice thermal conductivity
Lanthanum (La), Gadolinium (Gd), Samarium (Sm), Yttrium (Y) doped MxSr1−xTiO3
and Niobium (Nb) doped SrNbyTi1−yO3 and doubly doped LaxSr1−xNbyTi1−yO3 sys-
tems were studied in this thesis. The doping range was set from 12.5% to 37.5% with
the first-principle DFT calculation obtained by Quantum Espresso and post processed
in BoltzTraP. code. The thermoelectric figure of merit ZT = S2σ/(Ke + Kl) could
not been obtained in this work since the lattice thermal conductivity Kl is difficult to
calculated. It can be obtained from classical molecular dynamics (MD) simulations.
Explicitly, the heat flux expression can be derived from the energy-balance equation
(Volz, 2000):
1
V
∂E(~r, t)
∂t
+ ~∇ · ~q(~r, t) = 0 (4.1)
where E(~r, t) is the instantaneous local energy and ~q(~r, t) is the instantaneous lo-
cal heat flux. And following Newton’s second law and Boltzmann distribution, the
heat flux can be written in terms of the perturbation of the distribution function as
following:
~q(t) =
1
V
∫
V
~q0(~r, t)ρ(t)dV =
1
V
[
∫
V
~q0(~r, t)δρ(t)dV + ~q0(t)] (4.2)
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This gives the lattice thermal conductivity based on the fluctuation-dissipation the-
orem
kp(~k, ω) =
V
3kBT 20
∞∫
0
〈~q0(~k, 0) · ~q0(~k, t)〉eiωtdt (4.3)
where ω and ~k are the frequency and wave vector of the external thermal perturbation,
respectively. To obtain the phonon transport properties for bulk materials whose
dimensions are significantly larger than typical MD simulation supercells (10A˚ or
larger), the standard Boltzmann transport equation (BTE) will be used incorporating
relaxation time obtained from the MD simulations. Predictions of effective thermal
conductivity as a function of grain size and doping level will be tested against high
resolution thermal conductivity images of the combinatorial bar and pellet samples.
4.2 Relaxation time
Relaxation time τ is the most difficult part of thermoelectric properties calculation.
No typical method could be used to solve the problem and get the result. Some of the
scientist assumed relaxation time as a constant and did not change with the dopant
concentration (Garc´ıa-Ferna´ndez et al., 2012) (Parker et al., 2013). It was found
that relaxation time did change with the temperature (Kinaci et al., 2010). In the
later discussion of power factor, we assumed that the scattering time did not change
with the doping concentration and for different element doped strontium titanate the
system had different relaxation time. The scattering time was obtained by fitting the
thermoelectric parameters from experimental literature (Liu et al., 2013a) (Okuda
et al., 2001). The relaxation time τ for different doping cases is: 9.45 × 10−15s,
7.92×10−15s, 1.40×10−14s, 9.02×10−15s and 9.45×10−15s for lanthanum, gadolinium,
samarium, yttrium and niobium, respectively.
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4.3 Power factor comparison for all doping cases
According to Fig4·1, in low doping level (x, y ≤ 12.5%) Nb doped structure had the
maximum approximate 8.2 (µW/K2 cm) and Gd followed it with 7.8 (µW/K2 cm).
For dopant concentration of 25%, it could be found that La dominated with power
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Figure 4·1: Power factor of different doping concentration of all doping
cases at 1000K.
factor of 8.6 (µW/K2 cm) followed by yttrium of value of 8.3 (µW/K2 cm). Though
around 37.5% doping level, samarium reached the highest value of 9.8 (µW/K2 cm), it
could be not so important as the first two values because at such high doping concen-
tration, a second phase might be generated and stability issue may occur. However,
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as the doing level increased, the lattice thermal conductivity decreased dramatically
for samarium. This is very important for the improvement of the thermoelectric per-
formance of the material. And hence, a conclusion was save to be drawn that for low
doping region, niobium and gadolinium are the best choice and at high doping level,
lanthanum, yttrium and samarium are the best candidates for the thermoelectric ma-
terial. As concluded previously, for niobium, the best dopant concentration is around
16%. For gadolinium, the optimal doping level is less than 10%. For lanthanum,
the best option of dopant concentration is around 25%. For yttrium, the optimal
dopant concentration is about 25% as well. And for samarium, it is good to obtain
as much Sm as possible. As for the double-doping cases, the optimal doping level
that can be obtained is the dopant concentration less than 12.5% for both lanthanum
and niobium assuming relaxation time is the same as it is in single lanthanum doping
case.
4.4 ZT prediction
Based on the calculation of this research and the experimental data from lattice
thermal conductivity from (Liu et al., 2013a), ZT value of some of the cases could
be predicted as in Fig4·2. As the figure shown, at low doping region, Gadolinium
doped strontium titanate system has maximum ZT value around 0.31. And in the
high doping region, both Lanthanum and Samarium exhibit relatively good thermo-
electric performance by have the ZT value of 0.33 and 0.32, respectively. For both
Lanthanum and Samarium, with the doping concentration increases, the lattice ther-
mal conductivity decreases as the experimentalist indicated. As the result, with more
Lanthanum or Samarium doped into the SrTiO3 system, the thermoelectric perfor-
mance of the material is getting better and, of course, as long as the second phase is
not generated. On the other hand, the more Gadolinium doped in the system, the
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Figure 4·2: ZT value of different doping concentration at 1000K.
worse thermoelectric performance the system is going to have. Therefore, Gadolinium
could only be used in the low doping cases. And the optimal doping concentration,
as suggested in this research, should be less than 10%.
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